Triptolide (TP) is the main active ingredient of Tripterygium wilfordii Hook.f, which has attracted great interest due to its promising efficacy for autoimmune diseases and tumors. However, severe adverse reactions, especially hepatotoxicity, have restricted its approval in the market. In the present study we explored the role of hepatic natural killer T (NKT) cells in the pathogenesis of TPinduced liver injury in mice. TP (600 μg/kg/day, i.g.) was administered to female mice for 1, 3, or 5 days. We found that administration of TP dose-dependently induced hepatotoxicity, evidenced by the body weight reduction, elevated serum ALT and AST levels, as well as significant histopathological changes in the livers. However, the mice were resistant to the development of TPinduced liver injury when their NKT cells were depleted by injection of anti-NK1.1 mAb (200 μg, i.p.) on days −2 and −1 before TP administration. We further revealed that TP administration activated NKT cells, dominantly releasing Th1 cytokine IFN-γ, recruiting neutrophils and macrophages, and leading to liver damage. After anti-NK1.1 injection, however, the mice mainly secreted Th2 cytokine IL-4 in the livers and exhibited a significantly lower percentage of hepatic infiltrating neutrophils and macrophages upon TP challenge. The activation of NKT cells was associated with the upregulation of Toll-like receptor (TLR) signaling pathway.
INTRODUCTION
Triptolide (diterpenoid triepoxide (TP)) is purified from the roots and leaves of the plant Tripterygium wilfordii Hook.f. (TWHF), which grows in China, Japan, and Korea. TWHF has been used in Chinese traditional medicine for centuries for the treatment of rheumatoid arthritis, nephritis, and other disorders, including some tumors [1] . TP is a principal active compound of TWHF [2] . Severe adverse reactions, however, especially hepatotoxicity, have greatly restricted its approval in the market. Although several published reports have demonstrated that TP causes liver injury by lipid peroxidation, stress responses, and hepatocyte necrosis [3, 4] , the underlying cellular mechanisms of TP-induced liver injury require more detailed investigations. Recently, it has been found that hepatocytes may not be the only target in drug-induced liver injury (DILI) [5] . Immune cells may also play an essential role in DILI. To unravel these phenomena, we investigated the roles of immune cells in TP-induced liver injury.
Natural killer T cells (NKT cells) express both NK cell receptors and semiinvariant T cell receptors, bridging innate and acquired immunity [6] . NKT cells produce Th1 (interferon-γ (IFN-γ)), Th2 (interleukin (IL)-4), and Th17 (IL-17) cytokines and regulate the balance of pro-inflammatory and anti-inflammatory responses [7] . NKT cells are most abundant in liver among all the organs. Activated NKT cells play a crucial role in liver injury. NKT-deficient mice are resistant to the development of ischemic reperfusion injury [8] or high-fat diet [9] or concanavalin A (Con A) [10] induced liver injury. However, the role of NKT cells in DILI remains largely unknown. Drug-dependent or -independent stimuli may activate NKT cells, including self-lipid "danger signals" released from damaged cells, cytokines, and bacterial or viral antigens [11] . Activated NKT cells thereby recruit leukocytes, release inflammatory cytokines, and kill hepatocytes. In the present study, we investigated the role of NKT cells in TPinduced liver injury.
TP can improve diabetic nephropathy by regulating the balance of T helper cell 1/2 (Th1/Th2) cytokine secretion in the kidney [12] . TP also mediates IL-12/IL-23 expression in antigen-presenting cells [13] . These studies provide some implications for the effect of TP on NKT cells. The production of both Th1 and Th2 cytokines is a hallmark of NKT cell activation. Activation of NKT cells is mediated directly by the recognition of glycolipids or indirectly by TLR ligands and IL-12 secretion [14] . We have previously investigated the hepatotoxicity of TP in association with its immunomodulatory capacity and shown that TP could induce immune-associated liver injury [15] . Therefore, we hypothesized that NKT cells are involved in TP-induced liver injury. A better understanding of TP-induced liver injury will aid investigations and predictions of the potential risks of hepatotoxicity of TWHF drugs.
MATERIALS AND METHODS
Chemicals TP (CAS: 38748-32-2, batch number: 130401, contents >98%) was bought from the Guilin Sanleng Biotech Co., Ltd (Guilin, China) and was reconstituted in propylene glycol and stored at −20°C. Then, TP was freshly diluted to the appropriate concentrations with a 0.5 % carboxymethylcellulose solution before the experiments.
Animals and treatment Female C57BL/6 mice, age of 6-8 weeks and weighing 18-20 g, were purchased from Vital River Experimental Animal Technology, Co., Ltd (Beijing, China). All the mice were housed under pathogen-free conditions and provided with mouse chow and water ad libitum. The animals were maintained at a controlled temperature (22 ± 2°C) and photoperiod (12 h of light and 12 h of dark). The animals were acclimated to the laboratory for 1 week before the experiments. This study was approved by the Ethical Committee of China Pharmaceutical University and the Laboratory Animal Management Committee of Jiangsu Province (Approval No.: 2110748). All animals received humane care, and the study protocols complied with the institution's guidelines. The animal experiments were carried out in accordance with the approved guidelines. Female C57BL/6 mice were administered by intragastric gavage (i.g.) with TP at a dose of 600 μg/kg per mouse for 1, 3, or 5 days. Every group contained 8 mice. The acute toxicity study showed that the median lethal dose (LD 50 ) value of i.g. administration of TP was 1280 μg/kg in C57BL6 mice [16] . NKT cells were depleted with 200 µg of anti-NK1.1 monoclonal antibody (mAb; clone PK136, from BioXcell, West Lebanon, NH, USA) injected intraperitoneally (i.p.) on days −2 and −1 before TP administration.
Blood chemistry analysis
The blood was collected in tubes without anticoagulant to obtain serum, which was analyzed for the level of alanine transaminase (ALT) and aspartate transaminase (AST) using the ALT and AST quantification kit (Whitman Biotech, Nanjing, China).
Histopathological evaluations
Sections from the livers were removed and fixed in 10% neutralbuffered formalin. For histopathological examination, all the fixed organs were processed for embedding in paraffin, sectioned, and stained with hematoxylin and eosin (H&E). Slides were coded, randomized, and evaluated by pathophysiologists who were unaware of the treatment schedule. The slides were photographed using the 1X81 Olympus confocal laser scanning microscope (Olympus, Japan).
Nonparenchymal cell (NPC) isolation and labeling Single-cell suspensions were prepared from livers from which blood was eliminated by perfusion of the heart with saline solution. To isolate NPCs, single-cell suspensions were mixed with Percoll and then treated with red blood cell lysis solution (0.15 M NH 4 Cl and 0.1 mM Na 2 EDTA) to eliminate erythrocytes.
NPCs were blocked with anti-CD16/32 and stained with fluorescence-conjugated anti-mouse CD3, CD45, CD49b, CD11b, Ly-6G, Ly-6C, and F4/80 antibodies (Becton Dickinson, San Diego, CA, USA) for surface labeling. NKT (CD3
+

CD49b
+ ) cells were permeabilized with Cytoperm/Cytofix (Becton Dickinson) according to the manufacturer's instructions and then incubated with antibodies specific for IFN-γ or IL-4 for intracellular labeling. The cells were then centrifuged, and the pellets were washed to remove unbound antibodies. After surface and intracellular labeling, the cells were analyzed using a Calibrate flow cytometer (Becton Dickinson, Palo Alto, CA, USA), and the data were analyzed using FlowJo version 10 software (FlowJo, Ashland, OR, USA).
Detection of damage-associated molecular patterns (DAMPs), endotoxin, and cytokines by enzyme-linked immunosorbent assay (ELISA) Serum was used to determine the concentrations of high mobility group box-1 protein (HMGB1, Yanhui Biotech, Shanghai, China), lipopolysaccharides (LPS, Yanhui Biotech), and macrophage inflammatory protein-2 (MIP-2) by ELISA (Fcmacs Biotech, Nanjing, China) in accordance with the manufacturer's protocol.
RNA extraction and real-time PCR RNA was isolated from liver sections with TRIzol reagent (Vazyme Biotech, Nanjing, China). The complementary DNA (cDNA) synthesis was performed according to the manufacturer's instructions using the HiScript TM Q RT SuperMix for qPCR (+gDNA wiper) kit (Vazyme Biotech). Real-time PCR was performed in a 20 μL system containing 10 μL of 1× SYBR Green Master Mix (Vazyme Biotech), 5 μL of cDNA, 3.5 μL of RNase/DNase-free water, 0.5 μL of ROX Reference Dye1, and 0.5 μL of each primer. The thermal cycler conditions included a hold for 5 min at 95°C, followed by 40 cycles of 10 s at 95°C and 30 s at 60°C, and then 15 s at 95°C, 1 min at 60°C and 15 s at 95°C. A melting curve analysis was performed for each reaction with a 65-95°C ramp. The threshold cycle at which the fluorescent signal reached an arbitrarily set threshold near the middle of the log-linear phase of the amplification for each reaction was calculated, and the relative quantity of messenger RNA (mRNA) was determined. The mRNA levels were normalized against the mRNA levels of the housekeeping gene GAPDH. The primer sequences used are shown in the Table 1 .
Protein extraction and western blot analyses The protein was extracted using a membrane, nuclear, and cytoplasmic protein extraction kit (KeyGen Biotech, Nanjing, China) according to the manufacturer's protocol. The protein concentration was determined using a commercial kit (Beyotime Biotechnology). Protein was separated by sodium dodecyl sulfate polyacrylamide gel electrophoresis on 10% separation gels for TLR2 (90 kDa) and MyD88 (33 kDa), transferred to poly-vinylidene difluoride membranes, and then blocked for 1 h at room temperature with 5% bovine serum albumin in Tris-buffered saline and 0.1% Tween-20. Western blot analyses were performed with primary antibodies. Blots were incubated with the appropriate secondary antibodies, and then the protein was detected using the enhanced chemiluminescence kit for horseradish peroxidase.
Statistical analysis
The data are expressed as the mean ± SEM. The groups were evaluated using Student's t-test between two groups, a one-way analysis of variance, and Dunnett's t-test among groups. The P values of <0.05 were considered statistically significant.
RESULTS
NKT cell depletion alleviates TP-induced liver injury
We observed that TP induced hepatotoxicity in female C57BL/6 mice. Compared with control mice, continuous TP administration led to significantly increased ALT and AST levels, which began to increase at day 1 and continued to significantly increase until day 5 (Fig. 1a, b) . Animals that received TP for 7 days showed significant reductions in body weights compared with the control group. Mice treated with TP and anti-NK1.1 showed insignificant differences in body weight compared with the control group (Fig. 1c) . Using anti-NK1.1 to deplete NKT cells, the increasing ALT and AST levels induced by TP were significantly inhibited (Fig. 1d , e), which indicated that NKT cell depletion alleviated TP-induced hepatotoxicity. In addition, administration of anti-NK1.1 alone showed no hepatotoxic effects (data not shown). Histopathological changes in livers showed tendencies toward augmented focal necrosis (black arrows), inflammatory cell infiltration (yellow arrows), and bile duct hyperplasia starting from day 1 after TP administration (Fig. 2a) . Furthermore, addition of anti-NK1.1 caused protection against TP-induced liver injury. These results were confirmed by the toxicity score analysis (Fig. 2b) .
TP treatment induces NKT cell activation Compared with control mice, hepatic NKT cell frequencies began to decrease at day 1 and continued to decline until day 5 (Fig. 3a,  b) . In addition, CD3
+ cells were first gated. Then, CD49b
+ CD69 + cells were measured to evaluate the activation of NKT cells. Upregulation of the activation marker CD69 was observed at day 3 after TP administration (Fig. 3c, d ), which indicated that NKT cells were highly activated. However, a remarkable decrease in the percentage of NKT cells can be caused by other factors, such as the loss of specific NKT cell surface markers [17] , reduced proliferation, increased apoptosis [18] or endoplasmic reticulum stress [19] .
NKT cells produce Th1/Th2 cytokines after TP treatment CD3 + cells were first gated. Then, CD49b + IFN-γ + or CD49b + IL-4 + cells were measured to indicate the Th1/Th2 cytokine production by NKT cells. The pro-inflammatory Th1 cytokine IFN-γ produced by NKT cells began to increase at day 1 and remained at a high level until day 5 (Fig. 4a, b) . Compared with IFN-γ, the Th2 cytokine IL-4 showed delayed production (Fig. 4d, e) . IFN-γ can induce the generation of reactive oxygen species (ROS) and endoplasmic reticulum stress proteins in hepatocytes [20] . NKT cell-initiated injury has been reported to be dependent on the production of IFN-γ [21] . In contrast, the anti-inflammatory IL-4 has been reported to have protective effects on liver injury [22] . In addition, the CD3 + CD49b − IFN-γ + subset, which was produced by T cells, was significantly higher at day 1 than the control (Fig. 4c) . The CD3
+
CD49b
− IL-4 + subset, which was produced by T cells, increased dramatically at day 3 (Fig. 4f) .
TP treatment induces leukocyte recruitment Hepatic neutrophil (CD45 + CD11b + Ly-6G + cells) frequencies began to increase at day 3 and peaked at day 5 compared with the control mice (Fig. 5a, b) . The percentage of hepatic macrophages (CD45 + CD11b + F4/80 + cells), and not traditional Kupffer cells, started to increase at day 3 and reached the highest level at day 5 compared with the control mice (Fig. 5c, d) . NKT cell depletion alters Th1/Th2 cytokine production and leukocyte infiltration TP and anti-NK1.1 treatment significantly reduced the production of IFN-γ from day 1 to day 5 and decreased the production of IL-4 on day 1 (Fig. 6a, b) . Moreover, the production of IL-4 at day 5 showed a negative feedback upregulation (Fig. 6b) . NKT cell depletion also markedly diminished the recruitment of neutrophils and macrophages at days 3 and 5 ( Fig. 6c, d ). The recruitment of neutrophils is inhibited in CD1d -/-mice [11] . The production of IFN-γ and IL-4 by NKT cells contribute to the accumulation of neutrophils and macrophages [14, 23] . However, whether the diminished production of IFN-γ and IL-4 leads to reduced hepatic neutrophil and macrophages has been rarely reported. The decreased production of IFN-γ and IL-4 might have partly contributed to the inhibition of neutrophil and macrophage recruitment.
TP treatment induces the downregulation of CD1d and upregulation of the TLR signaling pathway The level of CD1d expression correlates with the ability to maintain NKT cell homeostasis [24] . Decreased hepatocytes CD1d expression at day 1 could lead to NKT cell depletion (Fig. 7a) . TLR2 mRNA displayed a significant upregulation (Fig. 7b) . The MyD88 (myeloid differentiation primary response 88)-dependent pathway is one of the major downstream pathways in TLR signaling, which promotes the production of cytokines and chemokines [25] . Immunoblot results showed that the TLR2-MyD88 pathway was upregulated after TP treatment (Fig. 7c) . Both CD1d and TLRs play a key role in the activation of NKT cells [23] .
Activated NKT cells could kill hepatocytes directly via the effector of Fas/Fas ligand [23] . Hepatic expression of Fas was rapidly upregulated at day 1, which might kill hepatocytes and NKT cells themselves (Fig. 7d) . HMGB1 is recognized as one of the most important DAMPs among liver injuries [26] . HMGB1 increased strikingly at days 3 and 5 compared with control mice (Fig. 7e) . Endotoxin LPS can be released into blood when hepatotoxicants destroy the permeability of the intestine [27] . Serum LPS showed moderate increases following TP administration at days 1 and 5 (Fig. 7f) . Serum MIP2 increased significantly at day 1 after TP administration, which could not only activate NKT cells but also recruit neutrophils in the liver [28] (Fig. 7g) .
DISCUSSION
The liver is the primary reservoir of NKT cells. NKT cells regulate both innate and adaptive immune responses [29] . The number of hepatic NKT cells decreases in various animal models [30] , including in leptin-deficient mice [31] or high-fat-diet-induced liver steatosis [32] , bacterial liver injury [17] , Con A-induced liver injury [10] , and hepatotoxic liver injury [19] . However, following hepatic ischemia reperfusion injury [21] or partial hepatectomy [33] , the number of NKT cells increases. This change in cell number has been reported to be attributed to the loss of specific NKT cell surface markers [17] , activation-induced cell death (AICD) [10] , sympathetic activation [31] , endoplasmic reticulum stress [19] , and reduced proliferation or increased apoptosis [34, 35] . The pathological role of NKT cells in DILI remains largely unknown. Inhibition of the mitochondrial respiratory chain has been reported in TP-induced liver injury, featured by a depolarized mitochondrial membrane, increase in ROS, and enhanced oxidant stress [4] . Endogenous ROS stimulates Th1 signaling in NKT cells, which promote the development of acute fulminant liver failure [36] . The transcription factor of NKT cells, promyelocytic leukemia zinc finger, also controls ROS levels, which in turn govern the are the mean ± SEM (n = 8). *P < 0.05, **P < 0.01, ***P < 0.001 vs. control inflammatory function of NKT cells [37] . Therefore, TP may induce the interaction of ROS and Th1/Th2 signaling in NKT cells. The Th17/regulatory T (Treg) cell imbalance has also been reported to play a role in TP-induced liver injury [15, 39, 40] . TP is a natural reactive electrophile containing diterpene diepoxide lactone, with the ability to covalently bind to XPB (xeroderma pigmentosum type B) often linked to its hepatotoxity. The transcription factor XPB subunit is important for initiating mRNA and protein synthesis, which may be the reason for the multiple effects of TP on the immune system [38] . The correlation between NKT cells and Th17/Treg cells remains unclear. However, NKT cells have been considered to initiate a faster immune response than other Th cells [41] . Therefore, the aim of the present study was to investigate the role of NKT cells in TP-induced liver injury.
In TP-induced hepatotoxicity, sex-related differences in the toxicity of TP have received attention in recent years [42] . Female mice exhibit more severe toxicity than male mice [3] . Since sex is a fundamental biological variable that cannot be overlooked, only female mice were used in our toxicological research of TP. NKT cell depletion significantly alleviated TPinduced liver injury and inhibited the increase in ALT and AST. Although anti-NK1.1 was not specific, depleting both NKT cells and NK cells, our data still confirm that NKT cells play a crucial role in TP-induced liver injury.
In the present study, we observed remarkably decreased NKT cells from day 1. The disappearance of NKT cells is thought to be an early sign of NKT cell activation [43] . Activation of NKT cells was not only assessed by their percentage but also by their surface phenotype, such as CD69, an early activation marker. Upregulation c Protein was isolated from livers for immunoblot analysis. GAPDH or β-actin was used as a loading control. Representative immunoblots for each protein are shown. d Hepatic mRNA expression of Fas. e Serum HMGB1 levels. f Serum LPS levels. g Serum MIP-2 levels. All values are the mean ± SEM (n = 8). *P < 0.05, **P < 0.01, ***P < 0.001 vs. control All values are the mean ± SEM (n = 8). *P < 0.05, **P < 0.01, ***P < 0.001 vs. TP group of CD69 leads to AICD, and downregulation of CD1d also causes a reduction of NKT cells. This change in NKT cell percentages has also been reported to be attributed to decreased norepinephrine [31] , endoplasmic reticulum stress [19] , reduced proliferation, or increased apoptosis [18] . Several studies have suggested that tissue-specific decreases in NKT cells promote organ damage [31] . Activated NKT cells also killed themselves and hepatocytes directly via increased Fas expression, which caused liver injury (Fig. 7) .
Interestingly, NKT cells could produce both Th1 and Th2 cytokines, making them both pathogenic and protective [7] . When tissue NKT cell populations are decreased, over-production of proinflammatory cytokines leads to organ damage. In our study, NKT cells predominantly produced IFN-γ following TP treatment. An overabundance of the pro-inflammatory cytokine IFN-γ not only led to hepatic accumulation of neutrophils and macrophages, but it also sensitized hepatocytes to liver injury [44] . The resulting neutrophil influx can also exacerbate tissue damage. The delayed production of the Th2 cytokine IL-4 was thought to be antiinflammatory and protective (Fig. 4) . Moreover, NKT cells can control pro-inflammatory Th1 cytokine activities by inducing the expression of anti-inflammatory Th2 cytokines.
Furthermore, NKT cell depletion remarkably reduced hepatic neutrophil and macrophage infiltration and induced decreased IFN-γ production from NKT cells. However, hepatic IL-4 production showed a delayed negative-feedback upregulation. It has been reported that IL-4 also facilitates tissue repair and resolves the inflammatory response [45] . These findings suggest that NKT cell depletion might contribute to the promotion of liver repair by regulating Th1/Th2 cytokine expression.
NKT cells can be readily activated by DAMPs released from damaged cells [11] . DAMPs are biomolecules that can initiate and perpetuate inflammatory responses [46] . HMGB1, one of the most important DAMPs, has been reported to induce pro-inflammatory cytokine synthesis, activate macrophages and recruit neutrophils in liver through activation of TLRs [47] . In our study, HMGB1 significantly increased after TP treatment, which could be associated with the NKT cell-induced inflammatory response. (Fig. 7) . TLRs constitute the first defense of the immune system. TLRs initiate cytokine secretion and stimulate the immune response of the organism through their signal transduction pathways, such as the cytoplasmic adapter proteins MyD88, TIRAP, TRIF, and TRAM [48] . Two major downstream pathways are involved in TLR signaling: the MyD88-dependent pathway that causes early production of proinflammatory cytokines and the TRIF-dependent pathway that causes late-phase activation. In addition to TLR3, the remaining TLRs mediate the MyD88-dependent pathway [49] . Recent studies have highlighted the functional importance and increased expression of TLRs 2, 4, and 9 in liver diseases [50] . Our study showed that the NKT cell-mediated immune response was associated with recognition of the danger signals HMGB1 through the binding of TLR2, leading to the upregulation of the TLR2-MyD88 pathway (Fig. 7) . However, elucidation of the specific target of TP on NKT cells requires further study.
In summary, our study demonstrated that NKT cell-depleted mice were resistant to the development of TP-induced liver injury. NKT cell depletion also exhibited significantly lower percentages of infiltrating neutrophils and macrophages in the liver and reduced production of IFN-γ by NKT cells upon TP challenge. This finding strongly suggests that NKT cells play a critical role in the development and progression of TP-induced liver injury. In addition, TLR signaling pathway contributed to the NKT cellassociated immune response in TP-induced liver injury. Collectively, these findings position NKT cells as potential targets for pharmacotherapy of DILI. The novel role of TP in the activation of NKT cells elucidates novel mechanisms of TP-induced liver injury. In addition, regulating Th1/Th2 balance through NKT cell depletion will promote the discovery of effective measures that may control the development of DILI.
